Arabidopsis contains four Lon protease-like proteins (AtLon1-AtLon4), predicted to be localized in different cellular organelles, including mitochondria, peroxisomes and plastids. A notable question is whether Lon is present in chloroplasts, since it is absent from cyanobacteria and thus appears to have been lost during the evolution of photosynthetic organisms. Based on in vivo transient assays, we found that AtLon4 is dually targeted to both mitochondria and chloroplasts. Furthermore, immunoblot analysis localized AtLon4 to the thylakoids. Thus, in spite of its absence from basal photosynthetic organisms, our results suggest the presence of Lon in plant plastids.
Lon is a multifunctional ATP-dependent enzyme which exists in bacteria, archaea and within organelles in eukaryotic cells (Gottesman 1996 , Sinvany-Villalobo et al. 2004 , Maupin-Furlow et al. 2005 . In eukaryotes, Lon has been shown to reside within mitochondria and peroxisomes (for a review, see Janska 2005) , whereas no Lon has been reported to exist in chloroplasts so far. Since cyanobacteria appear to lack Lon proteases, this raises the possibility that Lon has been lost during the evolution of photosynthetic organisms (Adam et al. 2001 , Sokolenko et al. 2002 .
Higher plant genomes have several closely related lon sequences (Adam et al. 2001) . Recently, Garcia-Lorenzo et al. (2007) enumerated 11 and 16 Lon paralogs in Arabidopsis and poplar, while 10 homologous genes have been reported in rice (Tripathi and Sowdhamini, 2006) . However, our careful estimation suggested that only three Lon paralogs in poplar (C_290060, gw1.XIII.616 and gw1.133.222) and rice (NP_910416.1, AAM95459.1 and AAO34661.1) and four in Arabidopsis (designated as AtLon1-AtLon4; Table 1 ) are probably functional in organelle proteolysis, since these demonstrate a significant degree of homology to Escherichia coli Lon protein, while preserving all essential regulatory and catalytic residues. These motifs include a central region typical of AAAþ proteins (i.e. proteins containing ATPases associated with various cellular activities) comprising the regulatory site and a C-terminal serine-type proteolytic domain which contains a unique Ser-Lys dyad in the catalytically active site ( Supplementary Fig. S1 ). In this study, the cellular localization of AtLons was investigated.
First, Lons from various organisms were use to construct a phylogenic map of the Lon protein family ( Supplementary Fig. S2 ). These have clustered into three major groups: a prokaryotic group (group I), containing various archaeal and bacterial sequences, and two groups (groups II and III) representing the eukaryotic lineage. AtLon2 is clustered in group II together with several Lon orthologs, which lack putative organelle N-terminal pre-sequences but contain the peroxisomal C-terminal localization signal (S/A)KL (Reumann 2004 ; Supplementary Fig. S1 ), suggesting that plant orthologs within this group are localized to the peroxisomes. Indeed, when the C-terminal 28 residues from AtLon2 were fused to a green fluorescent protein (GFP), GFP signal was localized to the peroxisomes (data not shown). Moreover, a rat ortholog within this group (Rattus novergicus2; XP_214655.2) was recently identified to be peroxisomal (Kikuchi et al. 2004 ) and one of the two Lon homologs of Pichia angusta is localized to the peroxisomes (BenerAksam et al. 2007 ; ABB88892), while AtLon2 might possess a function in peroxisomes (A. Kato, personal communication). These observations strongly imply that peroxisomes in higher plants, similarly to their counterparts in mammals and yeast, contain a Lon paralog. The remaining Arabidopsis paralogs, AtLon1, AtLon3 and AtLon4 (Table 1) , are clustered together in group III. Several Lons within this group were previously shown to reside within the mitochondria in yeast (Pim1p; Suzuki et al., 1994) , mouse (AAN85210.1; Lu et al., 2003) and plants (Sarria et al., 1998) . Thus, group III represents the 'mitochondrial branch'.
The characteristics of AtLons are summarized in Table 1 . Sarria et al. (1998) have shown that AtLon1 is required for anther-specific protein degradation in bean mitochondria, while AtLon2 seems to be peroxisomal (as discussed above). Analysis of expression profiles in the microarray database (Zimmermann et al. 2004) indicates that AtLon1 and AtLon2 are expressed at substantial levels in most tissues (data not shown). In contrast, only low levels of expression are observed in the case of AtLon4, and no expression was detectable for AtLon3. Since we note that there are no sequences representing AtLon3 in the expressed sequence tag (EST) database and attempts to amplify Atlon3 from reverse-transcribed mRNA have failed (data not shown), we suspect that Atlon3 is a pseudogene. AtLon4 is predicted to contain an N-terminal targeting signal to chloroplasts and/or mitochondria, based on various prediction programs. Although its expression level is documented to be low in the microarray database, its sequence is represented in the EST database (Table 1) .
Thus, our in silico analysis in Arabidopsis suggests that AtLon4 may be a chloroplastic Lon paralog directed to the plastid via an N-terminal transit peptide. To test this possibility, we performed in vivo transient expression assays using GFP fusions. GFP fused to the putative N-terminal targeting regions from AtLon1 or AtLon4 ($80 amino acids) was expressed in Arabidopsis protoplasts. AtLon1-GFP signal was detected as granules representing mitochondria (Fig. 1A ), in agreement with its localization to the mitochondria by immunoblot analysis (Sarria et al. 1998 ) and proteomic analysis of Arabidopsis mitochondria (Heazlewood et al. 2005) . In contrast, heterogeneous distribution of the GFP signal was evident when it was fused to the N-terminal region of AtLon4. While part of the GFP signal co-localized with a mitochondriaspecific fluorescent probe (Mito-Tracker; Fig. 1B ), an overlap with chlorophyll autofluorescence, representing chloroplasts, was also distinguishable (Fig. 1A) . The localizations of AtLon1 and AtLon4 were further confirmed by using two different tobacco suspensioncultured cell lines (chlorophyllic, SC; and nonchlorophyllic lines, SL). These results supported the dual localization of AtLon4 to chloroplasts and mitochondria, whereas AtLon1 seems to exist exclusively within mitochondria (Fig. 1B) .
To establish the localization of AtLon4 more precisely, we performed immunoblot analysis on proteins extracted from Percoll gradient-purified chloroplasts and stromal and thylakoidal subfractions of intact chloroplasts. AtLon4 was detected using polyclonal antibodies raised against AtLon1 (Sarria et al. 1998) . Since AtLon1 and AtLon4 are highly homologous to each other ($80% identity, Supplementary Fig. S1 ), the anti-AtLon1 antibodies cross-react with AtLon4 as demonstrated by immunoblot analysis using the recombinant AtLon4 fragment (Fig. 2A) . The results show that chloroplasts contain a single band whose size corresponds to the expected size of mature AtLon1 and/or AtLon4 proteins ($100 kDa; Table 1 and Fig. 2B ). This band was exclusively detected in the thylakoid membranes but not in the stroma. Antibodies against the thylakoid lumenal protein PsbO (33 kDa subunit of the oxygen-evolving complex of PSII) (Fig. 2B) and against the stromal Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase) complex (data not shown) confirmed that the thylakoid fraction was reasonably pure. We ruled out the possibility of mitochondrial protein contamination in the chloroplast preparations, since antibodies against SHMT (serine hydroxymethyltransferase) did not detect any signals in the plastid fractions (Fig. 2B) .
AtLon4 is either integrally bound or strongly attached to the thylakoid membranes, as neither 1 M NaCl, 2 M NaBr nor 0.05% Triton X-100 in the presence of 1 M NaCl were able to remove the protein from the membranes (Fig. 2C) , while they removed the peripherally bound PsbO and CF 1 (coupling factor-1 of the chloroplast ATP synthase complex) proteins. Thermolysin treatment of thylakoids completely removed the Lon signal from the membranes, unlike the lumenal-facing PsbO protein (Fig. 2C) , , purified stroma (Stroma), thylakoid membrane (Thylakoids) and mitochondria fractions (Mitochondria) were separated by 12% SDS-PAGE. Lon, PsbO or SHMT proteins were detected by immunoblot analyses with specific antibodies. Proteins were equally loaded based on total proteins. (C) Thylakoid membranes were either washed with 10 mM Tris-HCl, 1 M NaCl, 2 M NaBr, 1 M NaCl containing 0.05% Triton X-100, or were treated with thermolysin. The presence of Lon, PsbO or CF 1 was assayed in the pellet (P) containing the washed thylakoid membranes and the supernatant (S) containing the released proteins in each wash.
suggesting that AtLon4 is tightly attached to the stromal side of the thylakoid membranes. The membrane-associated nature of AtLon4 is analogous to that of Lons in archaea (Fukui et al. 2002) and higher plant mitochondria (Sarria et al. 1998) . Taken together, our results suggest that chloroplasts, as well as mitochondria and peroxisomes, are represented by at least one Lon ortholog. The plastidic protein detected by our immunoblots is most probably AtLon4, since AtLon4 is dually targeted to chloroplasts and mitochondria, and anti-AtLon antibodies cross-reacted with both mitochondrial and plastidic proteins of the expected sizes for AtLon1 and AtLon4 (Fig. 2) . Lon seems to have been lost in cyanobacteria, a proposed ancestor of chloroplasts, although both chloroplasts and cyanobacteria possess other prokaryotic ATP-dependent proteases such as Clp and FtsH (reviewed in Adam et al. 2006 , Sakamoto 2006 . Loss of either of these proteases resulted in chlorotic phenotypes (reviewed in Sakamoto 2006) . Our study thus implies that a chloroplast Lon may have been re-acquired through the duplication of the mitochondrial Lon of plants. Support for this notion comes from the fact that higher plants contain two Lon paralogs in group III, the 'mitochondrial branch' (Supplementary Fig. S2 ), one of which is localized to the plastid. Proteomic approaches further support the location of Lon in both plastids and mitochondria (Baginsky et al. 2004 , Heazlewood et al. 2005 . Additional studies will allow us to investigate more carefully the combined roles of various ATP-dependent proteases in the biogenesis and homeostasis of higher plant chloroplasts.
Materials and Methods
Intact chloroplasts and mitochondria were isolated as described by Kunst (1998) and Klein et al. (1998) , respectively. Chloroplast subfractions were obtained by lysis in hypotonic buffer (10 mM Tricine-KOH, pH 7.6). The stroma was separated from the thylakoid membranes by 10 min centrifugation at 10,000Âg at 48C. After washing with 10 mM Tricine-KOH (pH 7.6), thylakoids were further washed with 10 mM Tris-HCl (pH 8.0), 1 M NaCl, 2 M NaBr or 1 M NaCl with 0.05% Triton X-100. The outer surface proteins of thylakoids were removed by thermolysin (10 mg ml À1 ) treatment. For immunoblot analysis, an equal amount of proteins ($50 g) was separated by 12% SDS-PAGE and blotted onto a nitrocellulose membrane. The blots were reacted with anti-AtLon1 (a gift from Professor Sally Mackenzie, University of Nebraska), anti-SHMT (a gift from Professor Elzbieta Glaser, Stockholm University) or anti-PsbO (Agrisera, Va¨nna¨s, Sweden) at 1 : 500 dilutions. Immunoreacted bands were detected by the ECL (enhanced chemiluminescence) detection system (GE Healthcare, Waukesha, WI, USA). For expression of a truncated version of AtLon4 in E. coli, a cDNA corresponding to the N-terminal 297 residues of AtLon4 was generated by reverse transcription-PCR (RT-PCR) using total RNA from Arabidopsis ecotype Columbia and cloned into pCR T7/NT-TOPO (Invitrogen, Carlsbad, CA, USA). The resulting construct was transformed into E. coli strain BL21(DE3), and the total cell extract was subjected to immunoblot analysis.
To generate a phylogenic tree of the Lon protease family, the E. coli Lon was used as a query in a BLAST search (http:// www.ncbi.nlm.nih.gov/BLAST) to obtain homologous sequences. Accession numbers of all the protein sequences used in the tree are given in the legend of Supplementary Fig. S2 . Multiple sequence alignments of the Lon sequences were used to generate a neighborjoining unrooted tree.
To predict N-terminal targeting signals, we analyzed the amino acid residues from each protein sequence using TargetP (http://www.cbs.dtu.dk/services/TargetP/) and Predotar (http:// genoplante-info.infobiogen.fr/predotar/predotar.html). To construct GFP fusion genes, the DNA sequences corresponding to the putative transit peptide (Table 1 ) plus an additional 10 amino acids were amplified by PCR. The PCR fragments were fused in-frame to the 5 0 end of GFP by cloning them into the SalI-NcoI site of p35S-sGFP as previously described (Sakamoto et al. 2003) . The DNA sequence corresponding to the C-terminal 28 amino acids of AtLon2 was amplified by PCR and the resulting fragment was cloned into the BsrGI-NotI site of p35S-sGFP so as to put it in-frame with the 3 0 end of GFP. GFP transient assays, using protoplasts prepared from matured leaves of Arabidopsis ecotype Columbia and suspension-cultured tobacco (Nicotiana tabacum cv Samsun) SC and SL cell lines, were performed as previously described (Sakamoto et al. 2003) .
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